Abstract: Two stages of crystallization at greenschist and sub-greenschist facies were identifi ed in leucocratic dikes and granodioritic rocks in a shear zone on the southern border of the Santa Elena intrusion in the southern Iberian Massif near Jaén (SE Spain). Protoliths containing quartz+plagioclase+K-feldspar±muscovite±biotite experienced intense fracturing, fl uid infi ltration and metasomatism replacing the primary assemblage by muscovite and biotite interlayered with kaolinite, K-feldspar and albite, partly developing a myrmekitic texture. The mineral paragenesis and microcline-low-albite solvus thermometry suggest upper greenschist facies temperatures during a prograde process comprising an initial synkinematic stage and a postkinematic metasomatic replacement. Deformation of porphyroclasts indicates a combination of brittle to plastic shearing which is consistent with this temperature. The synkinematic mica formation caused strain softening. A fi nal retrograde postkinematical stage of shear zone development at high amounts of fl uid at lower temperature is refl ected by the presence of kaolinite formed mainly by the replacement of mica and plagioclase in veins.
Introduction
Strain is generally concentrated into relatively narrow faults and shear zones during deformation of the upper continental crust. The evolution of many such zones can be infl uenced by concentrated fl ow of reactive fl uids that produced mineralogical changes (e.g. Goddard & Evans 1995 , Streit & Cox 1998 . Many shear zones that developed within crystalline basement rocks at intermediate crustal levels deformed by complex mixtures of intracrystalline plastic and cataclastic processes, simultaneous with fl uid infl ux (Kerrich et al. 1980 , White & White 1983 , Simpson 1986 , Losh 1989 , Gibson 1990 , O'Hara 1990 , Cox 1999 . Fluid-rock interaction and deformation processes within such zones may have important consequences for reducing crustal strength (White & Knipe 1978 , Wintsch et al. 1995 , Stewart et al. 2000 , nucleating earthquakes (Hobbs et al. 1986 , Sibson 1994 , and controlling heterogeneous basement deformation (Berthe et al. 1979 , Mitra 1979 , Gaipas et al. 1987 . For example, cataclasis may partly control fl uid pathways and focus circulation, which partly controls the location and nature of further fracturing, alteration, hydrolytic weakening, and strain localization.
Tectonics can also be an important factor controlling magma emplacement and later evolution of the igneous bodies and their host-rocks. In these settings, the presence of fl uids favours chemical interactions with the hostrock at a range of temperatures and pressures, thus producing hydrothermal alteration minerals. The record of these interactions is preserved in microtextures, strain patterns and mineralogy. The formation of phyllosilicates in these settings has been shown to play a particularly important role in infl uencing the fl ow of fl uids. Phyllosilicate growth affects anisotropy, permeability and porosity as well as shear strength (Morrow et al. 1984 , Wintsch et al. 1995 , Wibberley 1999 , Warr & Cox 2001 , Solum et al. 2003 . Phyllosilicates can also provide important information concerning fl uid composition, temperature and the degree of fl uid-rock interaction (Velde 1985 , Inoue et al. 2004 . In many cases, fl uids transport metals that concentrate along vein-type deposits. Spatial relationship between vein-deposits, alteration zones and shear zones has been previously described (e.g. Lillo 1992 , Canals & Cardellach 1997 .
In this contribution we examine the nature of fl uid related reactions within sheared plutonic rocks along a shear zone in the Central-Iberian Zone of the Southern Iberian Massif in the north of the Jaén province (Spain). In the study area leucocratic dikes and biotite-rich granodiorites deformed by this shear zone are well exposed providing an opportunity to study the processes of shear zone evolution. We address the fl uid-rock history of the granitic rocks across the Santa Elena shear zone an E-W trending structure spatially related to the presence of Pb-ores based on an X-ray diffraction and optical and electron microscopy study of textures and mineral compositions.
We pretend to prove that two crystallization events in the shear band formed as a consequence of the circulation of fl uids favoured by the effect of the shear zone. The fi rst stage, partly synkinematic, produced the prograde crystallization of quartz+albite±K-feldspar±muscovite±b iotite in a vein network and fractures. The later event had a retrograde effect and involved the replacement of the primary and prograde paragenesis by kaolinite.
Geological setting
The study area is located in the southern part of the Central Iberian Zone (Fig. 1) in the north of the Jaén province (south Spain). This area consists of a shale-and greywacke-rich Ordovician to Lower Carboniferous clastic sequence. The southern Central Iberian Zone experienced two episodes of deformation associated with very low-and low-grade regional metamorphism during the Devonian and Mid-Carboniferous phase of the Variscan orogeny (Martínez Poyatos et al. 2001 ). The clastic sequence was intruded by the Santa Elena granodioritic stock after the main phases of Variscan folding.
The Santa Elena stock is a biotite granodiorite to tonalite with gabbro-diorite as enclaves of variable size outcropping in the northern sectors of the intrusion (Larrea et al. 1995) . The age of this intrusion is 331±34 Ma (Simancas et al. 2004) . Pelitic xenoliths of various sizes (from cm up to m), likely related to stoping, are common. This stock was intruded by ore-bearing veins, which strike between N70-80E and N100-110E or N170-180E. These late Variscan vein-type deposits can also be hosted by the Palaeozoic metasediments and consist mainly of galena, sphalerite, chalcopyrite, barite, quartz, ankerite and calcite. The area of study was the most important Pb-mining district in Spain during the 1875-1920 period. The Santa Elena stock is intruded by a dike complex of aplite and ore-bearing quartz veins. Although this stock has been classically considered as part of the Los Pedroches batholith complex in the boundary between the Ossa-Morena and Central-Iberian zones of the Iberian Massif (South of Spain), Larrea et al. (1995) pointed out that their petrographical and geochemical data suggest an independent and different magma origin.
A thermal aureole related to the Santa Elena stock (Fig. 1) is commonly revealed by the presence of biotite and/or andalusite in slates. It is extended in a band that appears several tens of kilometres both to the E and the W of the outcropping stock, which almost coincides with the outcrop of the Silurian succession composed of black slates. The elongated shape of the band of thermal meta- Deformation-enhanced mineralogical changes 3 morphism defi ned by the presence of andalusite should be related with the shape of the magmatic chamber where the Santa Elena stock was emplaced. Larrea et al. (1995) indicated that the abundance of roof pendants as well as small xenoliths in this stock reveal an apical location of the igneous body suggesting the presence of an E-W elongated igneous intrusion in deeper zones. In this sense, Lillo (1992) suggested that granitoids of the area were emplaced at the end of the Variscan orogenic cycle whose major tectonic deformation periods produced a fracture network (mainly N90-110E and N45-65E) that acted as channels for the emplacement of magma.
An east-west striking shear zone, approximately 500 m thick, is developed on the southern border of the Santa Elena stock (Fig. 1) . Phyllonites formed in high-strain zones within the Silurian slates. The deformation intensity decreases from north to south. In the southern part, few up to tens-of-metres thick zones of clay gouges and sheared slates with brittle to semi-brittle S-C fabrics (Lin 1999) are found. In contrast, black slates from the northern part developed a planar fabric on a smaller scale where the sigmoidal cleavage wraps around fractured andalusite crystals. No regional metamorphism related to the shear deformation stage has been described previously.
Optical and electron microscopy observations show that phyllosilicate minerals within the shear zone defi ne the stretching lineation of slates, being also present in strain shadows around andalusite porphyroblasts. The phyllonites from the northern part of the shear zone are characterized by the presence of biotite, chlorite and muscovite. In the southern part, kaolinite is the most abundant phyllosilicate, biotite and chlorite are commonly absent, the content of muscovite is lower, and pyrophyllite appears occasionally (Jiménez-Millán et al. in press) .
In the northern part of the shear zone, south-dipping cracks developed in leucocratic dikes and biotite-rich granodiorite from the southern border of the Santa Elena stock ( Fig. 2A) . Light-grey fragments or aggregates of fi ne-grained clasts are oriented and asymmetrically shaped (Fig. 2B) . Areas near south-dipping cracks are characterized by the presence of elongate and stretched grey aggregates of quartz and feldspars (Fig. 2C ).
Analytical methods
Samples of leucocratic dikes and biotite-rich granodiorite (Table 1) were studied by optical microscopy, scanning electron microscopy (SEM) with EDX microanalyser and high resolution transmission and analytical electron microscopy (HRTEM-AEM). X-ray diffraction data were obtained from powders and oriented aggregates of the whole sample and the <2 µm fraction in order to identify the possible presence of clay minerals such as smectites or mixed layers illite/smectite, with a Philips 1710 powder diffractometer with CuKα radiation, graphite monochromator and automatic divergence slit (Universidad de Granada). The SEM study was made on polished samples with two different microscopes: (1) A Jeol 5800 electron microscope equipped with a Link Isis microanalyser (Universidad de Jaén) and (2) a Zeiss DSM-950 electron microscope equipped with a Link QX2000 microanalyser (Universidad de Granada). The following compounds were used as calibration standards: albite, orthoclase, periclase, wollastonite and synthetic oxides (Al 2 O 3 , Fe 2 O 3 and MnTiO 3 ). Analytical data were ZAF corrected. For both instruments, observations were made with secondary and backscattered electron images in the atomic number contrast mode. HRTEM studies were performed with a Philips CM-20 scanning transmission electron microscope (STEM) operating at 200 kV (Universidad de Granada). The point-to-point resolution is 2.7 Å in the TEM mode and 50 Å in the STEM mode. Thin sections prepared for TEM observation were cut perpendicular to the foliation. Care was taken to limit induced deformation by excessive grinding and polishing, keeping thin sections slightly thicker than standard sections. Cu-rings were attached to thin sections and were detached through gentle heating. Samples were further thinned with a Gatan dual ion mill. Chemical analyses were made in the STEM mode with an EDAX microanalysis system. A 200 x 1000 Å scanning area with the long axis oriented parallel to phyllosilicate packets was used for each analysis using a 50 Å beam diameter. Counting times were 200 s except for Na and K, which were analyzed for 30 s. Albite, olivine, biotite, spessartine, muscovite, chlorite and titanite were used to obtain k-factors for transformation of intensity ratios to concentration ratios (Cliff & Lorimer 1975 , Jiang et al. 1990 ). Qtz = quartz; Pl = plagioclase; Kfs = K-feldspar; Ms = muscovite; Bt = biotite; Kln = kaolinite Deformation-enhanced mineralogical changes 5
Results

Petrography (XRD, optical and SEM data)
We studied samples of leucocratic dikes and biotite-rich granodiorite from the southern border of the Santa-Elena stock (Table 1) . Some of these samples show evidence of deformation and alteration, which was visually estimated and classifi ed in low, medium and absent strain. The bulk mineralogy of the sampled rocks, determined by XRD, mainly comprises quartz, feldspars and phyllosilicates. Quartz occurs in all samples. Plagioclase and K-feldspar are common in most of the rocks although sometimes one of them is absent. The most characteristic phyllosilicates are muscovite and biotite, but kaolinite is also common. XRD results did not reveal the presence of smectites or mixed layers illite/smectite. The protoliths have an isotropic fabric, and consist mostly of relatively coarse-grained (500-1000 µm) quartz, euhedral plagioclase, K-feldspar, muscovite (in the leucocratic dikes) and biotite (in the granodioritic rocks; Fig.  3A ). All these minerals show few signs of intracrystalline deformation.
Deformed rocks exhibit a texture containing abundant porphyroclasts (≈ 700 µm in size) of quartz, plagioclase and K-feldspar (Figs. 3B, 4 and 5) . Porphyroclasts of muscovite are also present in the deformed dikes whilst biotite porphyroclasts can be observed in the deformed granodiorite. Numerous intra-and intergranular microfractures form a connected network along which deformation, small-scale fl uid fl ow and alteration were concentrated. In the deformed dikes, alteration minerals, including fi ne-grained (< 50 µm) muscovite, K-feldspar, albite, kaolinite and quartz are sealing these fractures. Fine-grained biotite and ilmenite can also be found in the cracks and vein assemblages of the deformed granodiorite. Coalescing intergranular fractures locally form thin shear bands Fig. 4 . Photomicrographs (A and B) and BSE images (C and D) of the investigated samples. A: Deformed quartz (Qtz) porphyroclasts with undulatory extinction, subgrains and recrystallization (sample Se-6a, crossed polarized light). B: Primary K-feldspar (Kfs) porphyroclast with undulatory extinction and twins cut by a microfracture fi lled with fi ne-grained quartz. A muscovite fi sh (Ms) with kink bands and recrystallization along tails is also observed (leucocratic dike, sample Se-6a, crossed polarized light). C: Veins cutting a primary K-feldspar grain fi lled by fi ne-grained aggregates secondary prograde muscovite, quartz and albite and secondary kaolinite (Kln) replacing muscovite (leucocratic dike, sample Se-1). D: Sigmoidal secondary quartz aggregate fi lling a primary feldspar fracture. Arrows point to a thin band with myrmekitic texture along the boundary of K-feldspar (leucocratic dike, sample Se-1).
of extremely fi ne grain size (<10 µm, Fig. 5F ). An intense foliation defi ned by fl attened quartz aggregates and preferred orientation of phyllosilicates (muscovite-kaolinite intergrowths in the deformed dikes, Fig. 3B , and biotite in the deformed granodiorite, Fig. 5F ) larger than 100 µm can be observed in these bands. S-C fabrics are defi ned by shape-preferred orientation of mica fragments and aggregates of quartz and feldspar fragments. Ilmenite and rutile appear as secondary minerals associated with biotite.
Deformation patterns at the crystal scale
All rock-forming primary porphyroclasts exhibit some features of, at least, cataclastic deformation. Quartz porphyroclasts with angular shapes and large grain size variation display widespread undulatory extinction, deformation lamellae, subgrains and recrystallization (Fig. 4A) . Fractures of quartz porphyroclasts locally are fi lled with secondary fi ne-grained quartz aggregates. . Secondary retrograde kaolinite (Kln) along a high density network of intragranular fractures is replacing the plagioclase grain (leucocratic dike, sample Se-1). D: Secondary biotite (Bt) and K-feldspar in fractures of a primary plagioclase grain from the deformed granodiorite (sample Se-11). E: Muscovite (Ms) porphyroclast from an leucocratic dike (sample Se-6a). F: Primary biotite porphyroclast from the deformed granodiorite in a thin shear band containing extremely fi ne grain size secondary biotite and ilmenite (Ilm) (sample Se-17).
Deformation-enhanced mineralogical changes 7 K-feldspar porphyroclasts also exhibit undulatory extinction and twins (Fig. 4B) . These grains are cut by microfractures. The mineral assemblage along microfractures consists either of quartz aggregates or muscovite, quartz, and albite aggregates (Fig. 4C) . Kaolinite is additionally present in this kind of aggregates in the deformed dikes. Quartz aggregates in the deformed dikes fi lling feldspar fractures show sigmoidal shape and developed a thin band with myrmekitic texture along the boundary of K-feldspar fragments (Fig. 4D) .
Plagioclase shows mainly brittle deformation patterns. These porphyroclasts with polysynthetic twins and dusty -1) . B: High dislocation density areas in K-feldspar caused by differential stress exerted to crystal boundaries (sample Se-1). C: Dislocation-rich plagioclase crystal containing small strain-free domains bound by sharp boundaries indicating subgrain formation (sample Se-17). D: TEM image and SAED pattern of feldspar porphyroclast replaced by muscovite suggesting the absence of crystallographic control on the orientation of the mica crystals (sample Se-1). E: Plagioclase grain replaced by small randomly oriented rectangular packets of kaolinite (sample Se-1). c*: direction of the crystallographic axis c in the reciprocal space; Phy: phyllosilicate. Abbreviations as in appearance are cut by numerous microfractures that offset grains into smaller fragments forming truncated plagioclase porphyroclasts (Fig. 5A and 5B). Fractures are commonly fi lled with K-feldspar (Fig. 5B, C) . Biotite can be found in these fractures in the deformed granodiorite (Fig.  5D ). In the deformed dikes, symplectitic intergrowths of K-feldspar and quartz are well developed around plagioclase porphyroclasts in contact with quartz aggregates. Many plagioclase grains from deformed dikes are extensively altered into fi ne-grained kaolinite along a high density network of intragranular fractures (Fig. 5B, C) .
The main shapes of deformed mica in deformed leucocratic dikes and granodiorites are mica fi shes (Fig. 4B) , kink bands (Fig. 4B) and bends (Fig. 5E, F) . Some mica fi sh fragments are linked by tails, which generally contain very fi ne-grained clasts and are linked to the microfracture network. We consider that these patterns can be interpreted as mica recrystallization. The long axes of mica fragments are generally elongated parallel or oblique to their (001) planes. 
TEM characterisation
A TEM study was carried out to observe the presence of intracrystalline deformation patterns, the textural relations at nanometric scale and the crystallographic relations between minerals that could help to understand their genetic relations during the processes of deformation and alteration.
Although some fragments of igneous feldspar porphyroclasts are free of dislocations (Fig. 6A) , differential stress exerted to crystal boundaries formed domains of stress concentration and caused high dislocation densities in these regions (Fig. 6B) . This accounts for their intense undulose extinction. Small strain-free domains, bound by sharp boundaries into dislocation-rich plagioclase crystals (Fig. 6C ) suggest subgrain formation, probably by the effect of dislocation slip that moved dislocations to form wall-like structures. The formation of subgrain boundaries supports upper greenschist facies minimum temperatures of deformation, the threshold for dislocation slip in feldspar.
Electron diffraction patterns (SAED) and textural relationship between feldspar porphyroclasts and phyllosilicate veins suggest that there seems to be no crystallographic control on the orientation of the mica crystals (Fig. 6D ). TEM images (Fig. 6E) show that some plagioclase grains are replaced by kaolinite, which appears as small randomly oriented rectangular packets.
Low magnifi cation TEM images obtained from igneous biotite porphyroclasts show that they are formed by parallel or subparallel domains ranging up to 1µm in thickness (Fig. 7A ). HRTEM and SAED images obtained from these packets indicate that a one-layer polytype is predominant (Fig. 7A) . Most of the biotite packets are defect-free although locally some dislocation cores can be observed (Fig. 7B) . Biotite crystals are locally affected by layer bending and deformation. The SAED patterns generally exhibit sharp and intense refl ections with diffuse streaking along c* (inset of Fig. 7A ). This biotite is quite homogeneous and forms regular sequences of (001) lattice fringes of 10 Å spacing, although rare chlorite intercalations of 14 Å spacing can be observed (Fig. 7C) . Biotite grains affected by the fracture network as the result of the shear activity display a mottled appearance consisting of blocky patches and irregular areas of darker contrast (Fig.  7D) . Mottling distribution is oblique to (001) biotite basal plains and seems to be related to dislocations and the presence of numerous elongated gaps. SAED patterns obtained from these biotite grains show diffuse streaking along c* (inset of Fig. 7D ). In some diffraction photographs, weak refl ections of kaolinite overlapping the diffuse streaking are present. Figure 7E shows that c* of kaolinite is parallel to c* of biotite indicating epitactic growth. Poorly organised material can be found along the biotite cleavage planes (Fig. 7F) .
TEM low magnifi cation images show that igneous muscovite porphyroclast consist of more than 1 µm thick, well-crystallized packets (Fig. 8A) . However, muscovite grains fi lling the fracture network contain intergrowths consisting primarily of alternating packets of muscovite and kaolinite whose thicknesses range between 100 and 700 Å (Fig. 8B, C, D) . Mottled contrast, dislocations and elongated gaps are commonly developed in the muscovite crystals (Fig. 8B) . Muscovite and kaolinite packets fi lling fractures are mostly subparallel, resulting in low-angle boundaries. SAED patterns show diffuse streaking along c* (Fig. 8C) , revealing parallel or subparallel orientation of c* in muscovite and kaolinite (Fig. 8D) . Figure 8 shows the evolution from areas, where dominant 10 Å fringes of muscovite packets with scarce beamdamaged packets of kaolinite (Fig. 8C) to areas where kaolinite is the predominant phyllosilicate and muscovite appears as relic thin packets (<100 Å) with 10 Å fringes, interlayered with electron beam damaged areas (Fig. 8D) . The formation of kaolinite packets is commonly seen to replace muscovite packets. The contacts between kaolinite and muscovite packets are often planar.
Compositional data
The composition of igneous plagioclase is mostly An 9-11 in leucocratic dikes and An 40-54 in granodiorites (Table  2 ). In contrast, myrmekitic plagioclase from leucocratic dikes is albite (An 1-3 ) . The composition of K-feldspar porphyroclasts and K-feldspar in fractures varies from Or 95 to Or 99 . Igneous muscovite from leucocratic dikes is poor in Fe and Mg (<0.11 atoms per formula unit, a.p.f.u.). MgO is generally below detection limit, and thus no clear indication for a phengite component. Accordingly, all Fe was calculated as Fe 3+ . The chemical composition of fi ne-grained muscovite in veins from these dikes is also Al-rich and very similar to that of the igneous muscovite (Table 3) . Muscovite analyses are characterized by a very Deformation-enhanced mineralogical changes 11 slight defi cit in the interlayer charge which indicates that primary and secondary muscovite are well crystallized. Biotite analyses show high Fe (up to 1.80 a.p.f.u.) and Ti (up to 0.28 a.p.f.u.) contents, which is commonly reported in analyses of igneous and hydrothermal biotite (Fleet 2003) . Although some analysis of secondary biotite are poor in Ti, we have not observed any systematic variation of the Ti content. Although kaolinite is close to its stoichiometric composition, Fe, Mg and alkali elements can be present in small amounts (<0.16 a.p.f.u.).
Discussion
Microfabrics and estimation of the deformation temperature
Temperature-sensitive microfabrics described in previous sections can provide estimations of the deformation temperature. However, in most cases the temperatures that can be deduced will be minimum temperatures because strain rates in semi-brittle shear zones might have been high. Although plastic processes in quartz are possible under subgreenschist facies conditions already above approximately 150 °C, the threshold for quartz-recrystallization is 300 °C (e.g. Voll 1968 Voll , 1976 . The presence of undulatory extinction, deformation lamellae, subgrains and recrystallization in quartz from the studied samples suggest that deformation was produced at least under this temperature, favouring processes of plastic failure and dissolution creep of quartz. This is in agreement with the absence of mixed layers illite/smectite and smectite in the studied samples. The onset of feldspar plasticity occurs at 450 °C (Tullis & Yund 1977 , Sibson 1983 , Scholz 1990 ). In the studied samples, the formation of subgrain boundaries and the undulose extinction related to the presence of high dislocation density areas suggest that feldspars were deformed under minimum temperatures of the upper greenschist facies. In this temperature range feldspar still deforms mainly by microfracturing accompanied by minor dislocation gliding, so that undulatory extinction can be present (Pryer 1993) . The cleavage directions in feldspar may be responsible for their fragmentation into small clasts during semi-brittle failure and fl uid-assisted brittle failure process.
The minimum temperature for semi-brittle deformation of mica is about 150 °C (Stesky et al. 1974 , Lin 1999 . Biotite is deformed by slip on (001) to produce kink bands in greenschist facies mylonites (Etheridge et al. 1973 ) but at higher temperature biotite undergoes fi ne-grained recrystallization in addition to kinking (Bell 1979 , Wilson & Bell 1979 . Mica fi sh, bending, folding, and kink bands observed in mica porphyroclasts indicate a combination of brittle to plastic shearing mechanisms (Figs. 4B, 5E, F) . Mottling and dislocation distribution (Figs. 7D and 8B ) also suggest that the principal deformation mechanism in micas was intracrystalline slip on the (001) planes.
Prograde fl uid-rock interaction under greenschist facies temperatures
A secondary mineral assemblage of quartz+albite+K-feld spar±muscovite±biotite fi lling veins and fractures and the textural relations of these minerals overprinting the protolith assemblage allow to distinguish a prograde stage of fl uid-rock interaction. The presence of biotite crystals in intragranular fractures of plagioclase (Fig. 5D ) and fi nely grain sized biotite in thin shear bands (Fig. 5F ) in the deformed granodiorite suggests temperature conditions above 300-400 °C (Spear 1993 , Dempster & Tanner 1997 . The stability fi eld of the secondary assemblage is consistent with the greenschist facies temperatures suggested by microstructural patterns developed in plagioclase ( Fig. 6C ), K-feldspar (Fig. 6B) , quartz ( Fig. 4A ) and muscovite (Figs. 4B and 5E). Microcline-low-albite solvus thermometry provides a mean to estimate temperature. Solvus temperatures for vein plagioclase and its adjacent interstitial hydrothermal K-feldspar, calculated according to Whitney & Stormer (1977) , using the Margules parameters of Perchuk et al. (1991) and Perchuk & Andrianova (1968) , range from 370 ºC to 420 °C assuming pressures from 3 to 5 kbar. These pressures correspond to depths of 11.5-19 km in a crust with a density of 2.66 g/cm 3 , which are in the range of depths proposed by Larrea et al. (1995) and encompass the generally accepted pressure conditions of a myrmekite-forming reaction and mylonitization (Tsurumi et al. 2003) .
Strain softening reactions
The deformation-promoted breakdown of mechanically stronger framework silicates to weaker phyllosilicates leads to a reaction-softening effect on faulted rocks under low-grade metamorphic conditions. The fl uid assisted replacement of stronger feldspars by phyllosilicates in fault zones is one of the best-documented reactions leading to strain softening (e.g. White & Knipe 1978 , Mitra 1984 , White et al. 1980 , O'Hara 1988 , Evans 1990 & Hippert 1998 .
In a fl uid-rich quartz-feldspathic system that undergoes deformation under low-grade metamorphic conditions, feldspar and quartz can be dissolved and mica could precipitate. The igneous assemblages of the protolith and the inferred conditions for the initial stage of fl uid-rock interaction in the Santa Elena shear zone suggest the crystallization of muscovite resulting from the breakdown of the alkali feldspars according to the following softening reactions proposed by e.g. Hemley (1959) , Wintsch (1974) Wintsch et al. (1995) indicated that in MgObearing systems, biotite may be added to the resulting mineral assemblage. The orientation of micas along vein network cross cutting primary grains of quartz and feldspars (Fig. 4C ) suggest that they were formed synkinematicaly according to similar reactions to those proposed by Wibberley (1999) and Wintsch et al. (1995) . Tsurumi et al. (2003) suggested that myrmekite lobes along K-feldspar porphyroclast boundaries indicate a deformation-induced K-feldspar replacement by plagioclase, which can be interpreted as an additional softening reaction that produces more abundant fi ne-grained polymineralic aggregates as follows (Simpson & Wintsch 1989 However, the mere presence of myrmekite does not necessarily indicate signifi cant deformation at the time of metasomatism, because myrmekites can also form under near-isostatic conditions. We have not found any clear textural evidence to link this mineral reaction to the deformation. The dissolution of feldspars and micas will increase the activities of the alkali elements, aluminium, and silica in the aqueous solution. Simpson & Wintsch (1989) inferred that dissolved K + produced by this type of reaction could precipitate as K-feldspar in cracks. Wibberley (1999) also indicated that silica released by muscovitisation of orthoclase and albite could be precipitated in voids created in fractures. In the studied samples, textural position of K-feldspar (Fig. 5C ), myrmekite and quartz (Fig.  4D ) point to a later static crystallization according to the previously suggested transformations (Simpson & Wintsch 1989) .
Retrograde stage
The signifi cant quantity of kaolinite along the vein network and as replacement of plagioclase and mica refl ects a fi nal stage of shear zone development at high amounts of fl uid. There is no evidence for replacement of K-feldspar by kaolinite, which suggests that the retrograde stage was within the K-feldspar stability fi eld. The reaction of mica to kaolinite is well documented and is particularly well known from the hydrothermal or supergene alteration of granites (Robertson & Eggleton 1991) . According to Schleicher et al. (2006) , a temperature below 120 ºC, a large fl uid-rock ratio and acidic conditions are considered to be the main factors controlling this reaction. Alteration textures of the studied samples suggest a layer-by-layer transformation process (Fig. 8C) , and the absence of crystallographic coincidence between c* of muscovite and kaolinite indicates a solution-precipitation mechanisms (Fig. 8D) .
Randomly oriented fi ne-grained kaolinite fi lling the plagioclase fracture porosity (Fig. 5E) suggests that solution-precipitation was the major mechanism of the plagioclase alteration reaction. The textural characteristics of kaolinite closely resemble those from a wide range of geological environments illustrated by Keller (1976) for clay minerals, which precipitated in cavities. Mineral alteration depends on the movement of reactants and products in the fl uid, which is controlled by the hydraulic conductivity of the rocks. Therefore, an understanding of the differences of alteration rates between rock-forming porphyroclasts requires the consideration of factors controlling their hydrologic permeability. Intragranular permeability associated with internal grain porosity can favour fl uid transport. Montgomery & Brace (1975) revealed that plagioclase in unaltered granite has a very high internal porosity of 0.5-13.1%. The importance of the internal porosity on the hydrothermal alteration of plagioclase in the studied samples is shown by replacement of plagioclase by kaolinite. The brittle behaviour could enhance the secondary porosity favouring fl uid circulation and their preferential replacement.
Summarizing our results, we argue that the interaction of tectonic and metasomatic processes in the shear zone developed on the southern border of the Santa Elena intrusion (Central Iberian zone of the southern Iberian Massif, SE Spain) produced intense fracturing of the igneous protholiths and replacing of the primary assemblages during a process comprising an initial synkinematic stage and a postkinematic metasomatic replacement. Fracturing could have increased the permeability of the shear band materials favouring the canalisation of mineralising fl uids that produced the formation of Pb-ores of the area.
